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Electrochemical  behavior  and  flammability  of  tetrabromobisphenol  A  (TBBA)-mixed  electrolyte  solutions 
are  investigated  using  1  mol  L-1  LiPF6-EC:EMC  (1 :2  vol.%)  with  0  wt.%  (reference  electrolyte)  and  1—3  wt.% 
of  TBBA.  The  cycling  performance  (at  room  and  elevated  temperature)  and  rate  capability  of  the  18650  cell 
(LiMn204:Li(Nii/3Coi/3Mni/3)02  (8:2)/Li4TisOi2)  cell  containing  TBBA-mixed  electrolyte  is  similar  to  that  of 
cell  containing  the  reference  electrolyte.  A  detailed  analysis  of  the  surface  on  both  the  anode  and  the 
cathode  electrodes  via  X-ray  photoelectron  spectroscopy  (XPS)  indicated  that  the  cathode  electrode 
contains  more  Br  components  than  the  anode  electrode.  Within  the  first  few  cycles,  on  the  positive 
electrode,  we  observe  competing  redox  processes  between  the  cathode  material  containing  Mn  and  TBBA, 
which  generate  hydroxy  radicals  and  other  by-products.  This  process  and  the  electrochemical  reductive 
decomposition  of  TBBA  to  HBr,  Br2  and  bisphenole  A  are  responsible  for  the  increased  flame  retardant 
properties  of  the  electrolyte  containing  TBBA.  Safety  tests  were  performed  using  an  18650  cell  showed  that 
even  1  wt.%  of  TBBA  in  the  electrolyte  significantly  reduces  cell  flammability. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-ion  batteries  are  used  to  power  many  electronic  devices  and 
increasingly  motor  vehicles,  however,  safety  remains  a  major 
concern.  The  first  attempts  to  improve  battery  safety  focused  on  the 
incorporation  of  safety  devices  into  the  cell  design.  Small  cylin¬ 
drical  lithium-ion  cells  (such  as  18650)  typically  have  a  positive  pin 
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in  the  header.  The  header  (crimp-sealed  to  the  can  body  with  a 
gasket  to  electrically  isolate  the  negative  can  body  from  the  positive 
header)  contains:  a  positive  temperature  coefficient  (PTC)  device,  a 
vent  mechanism  and  a  current  interrupt  device  (CID).  In  prismatic 
lithium-ion  cells  where  the  header  is  welded  to  (and  so  in  direct 
electrical  contact  with)  the  can  body  various  devices  can  be  placed 
outside  battery,  such  as  a  negative  temperature  coefficient  (NTC) 
thermistor,  thermal  fuse,  etc.  Soft-pack/pouch  cells  design  (so- 
called  “polymer  batteries”)  cannot  employ  many  of  the  above- 
mentioned  safety  protection  devices  owing  to  their  considerably 
different  construction.  Substantial  variations  in  battery  chemistry 
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and  configuration  mean  that  such  protection  devices  are  unable  to 
effectively  monitor  cell  behavior,  health  and  safety  level.  It  has  been 
shown  that  overcharge  and  related  soft  shorting  is  the  main  source 
of  Li-ion  battery  failure  in  battery  packs.  Since  2000  many  attempts 
have  been  made  to  design  chemical  mechanisms  that  protect  Li-ion 
batteries  internally  against  overcharge  through  the  implementa¬ 
tion  of  various  electrolyte  additives  [1—3].  Nevertheless,  most  of 
these  attempts  have  failed  due  to  the  inability  of  chemical  additives 
to  create  a  reliable  protective  mechanism  (such  as  an  insulating  or 
semi-conducting  film)  or  initiate  a  shuttle  mechanism  under  real 
conditions  [4]. 

Another  progressive  approach  to  improve  Li-ion  battery  safety  is 
to  utilize  non-flammable  electrolytes  and  flame  retardant  additives 
(such  research  increased  significantly  from  2005  onwards).  Many 
kinds  of  nonflammable  or  flame-retardant  electrolyte  systems  have 
been  proposed  [5-8].  These  types  of  electrolytes  include  (a) 
phosphorous  and  fluorinated  compounds  known  as  flame- 
retardants  that  are  used  in  many  industries  (such  as  polymer, 
textile,  etc.),  and  (b)  ionic  liquids.  Most  of  the  flame  retardant 
compounds  added  to  electrolytes  (1)  undergoes  reductive  decom¬ 
position  on  graphite  anodes  9],  and  (2)  must  exceed  more  than 
15  %vol.  or  wt.%  content  in  the  electrolyte  solution  to  be  effective. 
Moreover,  the  high  viscosity  of  most  phosphorous  flame-retardants 
and  the  relatively  high  cost  fluorinated  compounds  can  be  pro¬ 
hibitive.  Ionic  liquids  are  also  high-priced  and  only  some  meet  the 
electrochemical  [10]  and  safety  [11  requirements  for  Li-ion  bat¬ 
teries,  mainly  in  combination  with  regular  electrolytes  [12,13]. 

The  need  to  develop  a  safe  and  non-flammable  electrolyte  arises 
from  the  fact  that  all  Li-ion  batteries  can  catch  fire  under  certain 
conditions.  Not  even  the  presence  of  external  protection  devices 
can  guarantee  their  safety.  In  most  safety  tests  the  main  trigger  of 
exothermic  reactions  leading  to  the  catastrophic  failure  of  Li-ion 
batteries  involving  explosions  and/or  fire  is  the  highly  reactive 
and  flammable  liquid  electrolytes  that  are  currently  and  widely 
used. 

Among  the  wide  range  and  variety  of  flame-retardants  available, 
there  is  one  class  that  has  rarely  been  studied  as  an  electrolyte 
additive  in  Li-ion  batteries,  that  is,  the  brominated  compounds.  In 
our  study,  we  tested  tetrabromobisphenol  A  (TBBA)  as  a  flame- 
retardant  additive  for  Li-ion  battery  electrolytes.  TBBA  is  widely 
used  in  many  industries  as  flame-retardant.  In  general,  brominated 
flame-retardants  are  divided  into  two  categories,  “additive”  and 
“reactive”,  according  to  the  mechanism  of  termination  of  flame 
propagation:  TBBA  belongs  to  the  latter  category. 

Here,  we  present  our  study  on  the  efficiency  of  TBBA  as  a  flame- 
retardant  additive  in  a  common  non-aqueous  electrolyte  for  use  in 
Li-ion  batteries.  The  influence  of  TBBA  additive  amount  (from  0  to 
3  wt.%  in  the  electrolyte)  on  the  electrolyte  and  over-all  battery 
properties  at  different  current  rates  and  temperatures  is  evaluated. 
A  detailed  analysis  of  the  surface  on  both  the  anode  and  the  cath¬ 
ode  electrodes  is  conducted  via  X-ray  photoelectron  spectroscopy 
(XPS).  Flammability  testing  of  the  electrolyte  is  performed  using  a 
full  cell  (18650-type). 

2.  Experimental 

2.1.  Electrolyte 

1  M  LiPF6,  EC:EMC  (1:2  vol),  VC  (2  wt.%)  (denoted  as  El)  was 
purchased  from  Ferro  (moisture  less  than  20  ppm)  for  use  as  a 
reference  electrolyte  and  base  for  mixing  with  TBBA.  3, 3', 5, 5' -tet¬ 
rabromobisphenol  A  (TBBA)  was  purchased  from  Aldrich  and 
stored  in  a  glove  box  prior  to  use.  TBBA  is  a  colorless  solid  (Table  1 ) 
insoluble  in  H2O,  with  chemical  structure  as  shown  in  Fig.  1.  Elec¬ 
trolyte  solutions  were  prepared  in  a  “dry  room”  atmosphere  by 


Table  1 

Properties  of  some  organic  electrolyte  solvents  and  TBBA. 


7b/°C 

Tf/°C 

7m/°C 

d/g  cm  3  (20  °C) 

EC 

248 

160 

36.4 

1.32 

PC 

240 

132 

-55 

1.21 

EMC 

110 

22.5 

-53 

1.01 

DMC 

91 

18 

4.6 

1.07 

DEC 

126 

31 

-74.3 

0.97 

TBBA 

250 

180 

2.12 

Tb  —  boiling  temperature;  Tf  —  flash  temperature;  Tm  —  melting  temperature. 


mixing  El  with  1,  2  and  3  wt.%  of  TBBA  for  1  h  (denoted  as  E2,  E3, 
E4,  respectively).  Molar  concentrations  are  0.018,  0.036  and 

O. 055  M,  respectively.  Final  electrolyte  solutions  were  colorless  and 
showed  no  change  in  conductivity  at  room  temperature  when 
compared  to  the  reference  electrolyte  (9.1  mS  cm-1)  (tested  by 
conductivity  meter:  WTW/Cond  330i/SET  (Germany)  conductivity 
meter  with  GC  electrodes)  and  moisture. 

2.2.  Coin-cell  assembly 

The  positive  electrode  was  fabricated  using  carbon-coated  C— 
LiFei_yMnyP04,  polyvinylidene  difluoride  (PVDF,  Kureha)  as  the 
binder  and  Super-P  carbon  black  as  a  conductive  agent.  The  nega¬ 
tive  electrode  consisted  of  graphite  (MCMB  1028),  PVDF  and  Super- 

P.  The  slurry  of  favorable  positive  and  negative  electrodes  in  N- 
methylpyrrolidinone  (NMP)  was  then  coated  on  a  thin  foil 
(aluminum  and  copper  of  20  and  14  pm  thickness,  respectively)  and 
dried  for  12  h  at  150  °C  in  a  vacuum  oven.  Polyethylene  separator 
was  used  in  the  electrochemical  cells  (2032-type  coin-cells)  and 
assembled  in  a  “dry  room”  (dew  point  is  -50  °C). 

2.3.  18650  cell  assembly 

The  positive  electrode  for  18650  cells  was  fabricated  using  a  mix 
of  LiMn204  and  Li(Nii/3Coi/3Mni/3)02  as  the  active  material  in  the 
ratio  of  8:2,  PVDF  (Kureha)  as  the  binder  and  a  mix  of  Super-P  and 
KS6  graphite  as  the  conductive  agents.  The  negative  electrode 
Li4Ti50i2  was  fabricated  using  a  PVDF  (Kureha)  binder  and  mix  of 
Super-P  and  KS6.  The  design  capacity  of  18650  cells  is  600  mAh  at 
C/5. 

2.4.  Tests 

The  electrochemical  stability  of  the  electrolytes  containing  TBBA 
was  measured  by  cyclic  voltammetry  (CV)  of  the  coin  cell.  The 
potential  was  scanned  between  0  and  1.2  V  (for  MCMB/Li)  and  3 
and  4.4  V  (C-LiFei_yMnyP04/Li)  versus  Li/Li+  at  a  scan  rate  of 
0.1  mV  s_1  with  the  Solartron  SI1287  (Electrochemical  Interface). 

Charge-discharge  (cycle  life)  tests  were  performed  on  Li4Ti50i2/ 
(LiMn204:Li(Nii/3Coi/3Mni/3)02)  18650  cells  at  a  charge-discharge 
rate  of  1  C  in  the  voltage  range  of  2.9-1.5  V  for  100  cycles  at  55  °C 
and  room  temperature.  The  rate  capability  of  the  cells  was 


Fig.  1.  TBBA  structure. 
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evaluated  via  a  constant  current  (CC)  discharge  at  the  following 
current  drains:  1C,  2C,  3C,  5C,  8C  and  IOC.  The  tests  were  conducted 
using  a  multi-step  constant-current/constant-voltage  (CC/CV) 
technique  charged  to  2.9  V.  Rate  characteristics  and  cycle  ability 
tests  were  investigated  using  a  Bitrode  battery  cycler. 

Morphology  of  the  separator,  positive  and  negative  electrode 
surfaces  was  examined  by  scanning  electron  microscopy  (SEM) 
(Hitachi  S-3500H  and  S-4800)  before  and  after  100  cycles.  Prior  to 
SEM  investigation,  samples  were  cautiously  washed  with  DMC 
solvent  in  the  “dry  room”  and  dried  in  a  vacuum. 

Safety  tests  were  carried  out  using  an  in-house  fixture  designed 
for  18650  cells,  schematically  presented  on  Fig.  2  and  similar  to 
[14].  The  heating  rate  of  the  cell  was  5  °C  min-1.  SOC  of  the  sample 
18650  cells  was  100%. 

XPS  analyses  were  carried  out  with  a  Kratos  Axis  Ultra  spec¬ 
trometer  using  a  focused  monochromatized  A1  Ka  radiation 
( hv  =  1486.6  eV).  The  spectrometer  was  calibrated  using  the 
photoemission  line  Ag  3d5/2  binding  energy  (BE)  368.3  eV.  For  the 
Ag  3d5/2  line,  the  full  width  at  half  maximum  (FWHM)  was  0.61  eV 
under  the  recording  conditions.  Core  peaks  were  recorded  with 
20  eV  constant  pass  energy.  An  analyzed  area  of  300  um  x  500  um 
was  selected  on  samples,  and  the  pressure  in  the  analysis  chamber 
set  to  ca.  5  x  10-7  Pa.  After  cycle  tests  cells  were  disassembled  in  a 
“dry  room”  atmosphere,  and  the  washed  electrodes  were  carefully 
mounted  on  a  XPS  stage.  The  binding  energy  of  each  spectrum  for 
electrodes  was  calibrated  by  C  Is  peak,  corresponding  to  hydro¬ 
carbon  adsorbed  on  the  sample  surface  (285.0  eV).  Core  peaks  were 
analyzed  using  a  nonlinear  Shirley-type  background.  The  peak 
positions  and  areas  were  optimized  by  a  weighted  least-squares 
fitting  method  using  70%  Gaussian,  30%  Lorentzian  line  shapes. 
Quantification  was  performed  according  to  Scofield’s  relative 
sensitivity  factors  [15]. 

3.  Results  and  discussion 

The  TBBA  molecule  has  several  potential  active  centers  in  its 
structure:  Br,  OH  and  a  center  C  atom  (C— (013)2)  located  between 
rings.  Although  this  molecule  is  relatively  thermally  stable 


(Tm  >  180  °C,  >250  °C  decomposition),  it  is  quite  chemically  and/or 
electrochemically  reactive.  To  evaluate  possible  reduction/oxida¬ 
tion  of  the  electrolyte  containing  TBBA  a  2032-coin  cell  structure 
was  used  to  test  MCMB/Li  and  C-LiFei_yMnyP04/Li  half-cells  con¬ 
taining  electrolytes:  El  and  E4.  Results  are  shown  in  Figs.  3  and  4. 

3.1.  Electrochemical  investigations 

CV  data  for  the  first  three  cycles  of  the  MCMB/Li  half-cells 
operating  between  0  and  1.2  V  with  electrolytes  El  (0  wt.%  TBBA) 
and  E4  (3  wt.%  TBBA)  are  shown  in  Fig.  3(a,  b).  During  reductive 
(charge)  or  oxidative  (discharge)  scans  of  the  MCMB  electrode  in 
the  E4  electrolyte,  no  additional  reactions  were  observed.  The  first 
scan  shows  a  low  intensity  cathodic  peak  at  -  0.2  V,  which  corre¬ 
sponds  to  the  three  order  lithiation  plateau  and  grows  on  subse¬ 
quent  scans.  This  is  usually  attributed  to  common  side  reactions 
that  occur  at  the  graphite  surface  (SEIanode)-  The  first  scan  of  the  cell 
containing  E4  shows  a  slightly  higher  intensity  for  both  oxidative 
and  reductive  peaks  over  the  sample  containing  reference  elec¬ 
trolyte  El.  However,  the  second  and  third  scans  show  that  both 
oxidative  and  reductive  peak  intensity  of  the  cell  containing  E4 
were  moderately  lower  than  the  cell  containing  El.  The  scan  rate 


Fig.  3.  CV  curves  for  the  first  3  cycles  of  the  anodes  in  cells  (MCMB  vs.  Li/Li+)  con¬ 
taining  electrolyte:  (a)  El  (0  wt.%  TBBA),  (b)  E4  (3  wt.%  TBBA).  The  potential  was 
scanned  from  1.2  V  to  0  V  at  a  0.1  mV  s-1  rate. 
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Fig.  4.  CV  of  the  C-LiFei_yMnyP04  vs.  Li/Li+  for  the  first  3  cycles  with  electrolyte:  (a) 
El  (0  wt.%  TBBA),  (b)  E4  (3  wt.%  TBBA).  The  potential  was  scanned  from  3  V  to  4.4  V  at  a 
0.1  mV  s"1  rate. 


used  in  the  CV  test,  0.1  mV  s_1,  was  too  fast  to  determine  the  real 
capacity  of  the  Li-ion  battery  and  less  sensitive  to  the  kinetic 
behavior  of  the  electrode.  We  believe  that  the  lower  intensity  of  the 
CV  peaks  observed  in  the  E4  electrolyte  is  a  result  of  the  slightly 
higher  resistance  of  the  SEI  layer  on  the  MCMB  electrode  generated 
in  the  presence  of  TBBA,  as  compared  to  the  SEI  generated  in  the 
presence  of  the  reference  electrolyte. 

Fig.  4  shows  the  first  three  consecutive  cycles  measured  with 
fresh  cathode  electrodes  (C-LiFei-yMnyPCH/Li)  in  electrolytes  El 
and  E4.  In  Fig.  4a,  the  cathode  electrode  in  the  presence  of  the 
reference  electrolyte  (El)  clearly  shows  reversible  behavior  with 
two  oxidation  peaks  at  ca.  3.6  and  4.2  V,  the  same  characteristics  as 
observed  for  Fe  and  Mn  redox  couples,  respectively  16].  In  Fig.  4b, 
the  first  cycle  shows  that  the  oxidative  current  of  the  two  peaks  is 
slightly  smaller  than  that  of  subsequent  cycles  in  the  electrolyte 
containing  TBBA.  This  indicates  some  oxidation  reactions  involving 
TBBA  have  occurred  at  the  cathode  surface,  resulting  in  a  higher 
over  potential  (deformed  peak)  and  lower  oxidation  current  in  the 
initial  cycle.  However,  the  redox  reactions  involving  C-LiFei_ 
_yMnyP04  revert  to  the  normal  in  subsequent  cycles,  which  in¬ 
dicates  that  TBBA  is  probably  oxidized  at  ca.  3.5  V  and  forms  a  SEI 
layer  (SEIcath0de)  on  the  cathode  that  will  slightly  retards  Li-ion 
intercalation. 


All  the  data  above  indicates  that  no  visible  extra-peaks  were 
created  by  TBBA  on  the  anode  or  cathode  electrodes.  However,  the 
presence  of  TBBA  does  slightly  reduce  cell  capacity  by  forming  a 
new  structure  of  passivation  layers  (SEI).  Slight  depression/shifting 
of  the  initial  oxidation/reduction  peaks  (from  3.65  V  to  3.7  V  and 
from  3.5  V  to  3.4  V,  respectively)  on  the  cathode  were  noted.  This 
was  observed  only  during  the  first  charge/discharge  cycle.  Such 
behavior  is  quite  different  that  of  to  most  types  of  flame  retardants 
studied  so  far  [17,18  ,  where  the  majority  of  electrode  degradation 
and  electrolyte  decomposition  phenomena  have  been  observed  on 
the  negative  (graphite)  electrode.  Accordingly,  on  the  basis  of  the 
conclusions  and  test  results  detailed  above,  we  can  exclude  the  side 
reactions  of  graphite  with  electrolyte /TBBA  and  focus  attention  on 
the  study  of  positive  electrode  interaction  involving  TBBA. 

3.2.  Full  cell  performance  (18650) 

18650  cells,  using  Li4Ti50i2  for  the  negative  electrode  and  mixed 
cathodes  (LiMn204:Li(Nii/3Coi/3Mni/3)02  =  8:2)  for  the  positive 
electrode  and  El,  E2,  E3  and  E4  electrolytes,  were  assembled  and 
tested.  In  contrast  to  graphite  anodes  that  currently  dominate  the 
Li-ion  battery  market,  LLfTisO^  anodes  have  no  SEI  formation  stage 
owing  to  a  higher  redox  potential  (1.55  V  vs.  Li/Li+),  making 
application  of  a  very  slow  charge  (such  as  C/20  or  C/10)  at  the 
formation  stage  unnecessary.  A  cell  activation  process  was  never¬ 
theless  applied  to  the  samples  following  their  assembly,  i.e.,  a 
relatively  fast  charge  at  C/5  (1C  =  600  mAh)  with  constant-current 
(CC)  up  to  2.9  V  followed  by  a  constant-voltage  (CV)  charge  with 
two  regimes:  (a)  no  time  limit  and  (b)  time  limited  charge  (CC-CV): 
10  h  and  rest  20  min;  CC  discharge  at  C/5  down  to  1.5  V  and  rest  on 
20  min. 

The  results  of  the  first  charge/discharge  cycles  of  the  18650  cells 
containing  El  and  E4  electrolytes  are  reported  in  Fig.  5.  They  show  a 
significant  difference  in  capacity  consumption  for  two  identical 
(estimated  capacity)  samples  at  the  first  charge.  Cells  containing  El 
electrolyte  shows  regular  charge/discharge  curves,  however,  sam¬ 
ples  containing  E4  electrolyte  show  an  almost  triple  charge  ca¬ 
pacity  increase  over  the  reference  cell  (El ).  As  shown  in  the  inset  on 
Fig.  5,  the  voltage  curve  started  to  plateau  at  around  1.8  V  at  C/5 
rate,  which  suggests  that  some  surface  reaction  occurred  before  Li 
intercalation/deintercalation  into/from  active  materials  in  the  E4 


Fig.  5.  First  cycle  of  the  18650  cells  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  con¬ 
taining  reference  electrolyte  El  (0  wt.%  TBBP)  and  E4  (3  wt.%  TBBA)  at  C/5,  voltages 
range  1.5-2.9  V,  cut-off:  0.025C  (C/40). 
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Fig.  6.  First  stage  of  oxidation  reaction  of  the  TBBA  on  the  cathode  surface  by  Mn02  catalyst. 


electrolyte.  Due  to  the  higher  intercalation/deintercalation  voltage 
of  the  LUTisO^  anode  in  the  cell,  the  consumable  charge  can  be 
assigned  to  the  redox  reactions  of  TBBA  on  the  cathode  surface. 

We  propose  a  two-phase  mechanism  for  TBBA  decomposition. 
The  first  phase  is  redox  decomposition,  which  occurs  on  the  cath¬ 
ode  surface  with  subsequent  oxidation  of  TBBA  as  schematically 
presented  on  Figs.  6  and  7.  According  to  the  oxidation  path  of  TBBA 
on  a  mixed  cathode  surface  with  Mn02  catalytic  centers  proposed 
by  Lin  at  al.  [19],  TBBA  is  oxidized  to  form  a  phenoxy  radical  on  the 
metal  oxide  surface  and  reducing  the  metal  oxide  (MnIV  to  Mnm). 
The  formed  phenoxy  radical  may  process  further  oxidation  on  the 
cathode  surface  and  acts  as  a  redox  shuttle  molecule  [20,21  ],  which 
is  reduced  on  the  anode  surface  after  it  diffuses  back.  The  electrode 
surface  reactions  of  TBBA  consume  the  extra  charge  capacity  in 
addition  to  the  normal  charge  capacity  during  the  first  charge 
process.  If  TBBA  acts  as  a  redox  shuttle  agent  on  the  fresh  metal 
oxide  surface,  the  charge  capacity  should  be  affected  by  the  con¬ 
centration  of  TBBA  and  the  charge  rate.  The  more  TBBA  added  to  the 
electrolyte,  the  higher  the  initial  charge  capacity  obtained  (so-call 
current  leakage  phenomena).  Moreover,  the  higher  the  charge/ 
discharge  rate  adopted,  the  higher  the  charge/discharge  capacity 
obtained  as  less  time  is  required  for  TBBA/phenoxy  radicals  to 
diffuse  to  the  counter  electrode.  However,  the  live  time  for  such 
radicals  is  relatively  short,  which  explains  the  regular  cycle 
behavior  and  reasonable  rate  performance  of  the  battery  with  TBBA 
in  the  electrolyte  (discussed  later  in  this  Section). 


Fig.  7.  Mechanism  and  representation  of  oxidation  reaction  of  TBBA  in  the  battery 
(first  phase). 


The  second  phase  of  TBBA  decomposition  occurs  on  heating  of 
the  battery  and  is  followed  by  its  reductive  dehalogenation.  In  this 
phase,  the  main  products  of  the  remaining  TBBA  and  by-products  of 
its  previous  redox  decomposition  will  be  bisphenol  A  (BPA),  HBr 
and  Br2  (discussion  in  Section  3.4). 

The  first  phase  of  TBBA  redox  decomposition  may  be  illustrated 
by  the  following  experiments  conducted  at  different  rates  of 
charge/discharge.  In  our  tests  we  used  C/2  and  1C  current  rate 
during  the  first  charge/discharge  cycle  (formation)  to  understand 
the  kinetics  of  competing  reactions  between  Li+  and  TBBA  on  the 
electrode  surface  vs.  TBBA  concentration.  The  results  of  the  first 
three  charge/discharge  cycles  of  the  cells  filled  with  four  electro¬ 
lytes  (E1-E4)  performed  at  C/2  rates  (C  =  600  mAh)  are  given  on 
Fig.  8a-d. 

The  charge  process  used  in  this  test  employed  a  different  (1) 
current  rate  (C/2  vs.  C/5)  and  (2)  time  limit  for  charge  step,  i.e.  the 
regime  (b)  (CC-CV  limited  to  10  h)  from  the  test  in  Fig.  5.  Conse¬ 
quently,  a  small  deviation  in  discharge  capacity  was  observed  on 
Figs.  5  and  8a  for  the  reference  cell  tested  by  C/5  and  C/2  current 
(i.e.  ~600  and  ~550  mAh,  respectively).  The  cell  containing  E2 
electrolyte  (Fig.  8b)  shows  an  increase  in  first  charge  capacity  up  to 
~  165%  vs.  the  reference  cell,  however,  discharge  capacity  remains 
almost  the  same  (530  mAh  vs.  545  mAh). 

Much  larger  differences  are  found  when  TBBA  concentration  is 
increased  to  2  wt.%  (E3)  and  3  wt.%  (E4)  (Fig.  8c,  d).  For  both 
samples,  the  first  charge  does  not  reach  the  CV  part,  due  to  the  time 
limit  (cut-off)  of  the  charge  program.  Output  (discharge)  capacity 
decreases  as  the  amount  of  TBBA  in  the  electrolyte  is  increased  and 
is  subsequently  proportional  to  the  final  charge  voltage.  The  first 
charge  in  Fig.  8c  is  cut-off  at  2.58  V,  giving  a  first  discharge  capacity 
of  240  mAh.  The  first  charge  in  Fig.  8d  is  cut-off  at  2.39  V,  giving  a 
first  discharge  capacity  of  only  58  mAh  and  the  third  charge  is  cut¬ 
off  at  2.55  V,  giving  a  discharge  capacity  of  210  mAh.  As  pointed  out 
above,  electrons  are  drawn  to  the  TBBA  molecules  first  blocking  or 
slowing  down  Li+  intercalation/deintercalation  into  the  anode  and 
removing  Li+  from  the  cathode  by  current  consumption.  This  re¬ 
action  is  rate  and  concentration  dependent  as  seen  in  Figs.  8b- 
d  and  9.  In  Fig.  9,  two  samples  with  the  same  amount  of  TBBA  (E3) 
are  charged  at  different  current  rates,  C/5  and  1C  and  a  time  cut-off 
of  10  h  applied  for  the  CV  part.  The  high-current  rate  (1C)  allows  Li+ 
to  be  intercalated  at  close  to  theoretical  capacity  at  discharge  while 
the  low  current  rate  (C/5)  process  significantly  suppresses  Li+ 
intercalation,  with  only  20  mAh  capacity  at  discharge. 

To  evaluate  the  performance  of  Li-ion  cells  containing  TBBA 
additive  in  the  electrolyte,  we  performed  the  cycle  tests  on  the 
18650  cells  at  room  temperature  and  in  elevated  temperature 
conditions  (55  °C)  at  1C  current  rate.  Fig.  10  shows  the  cycle  profiles 
of  four  types  of  electrolyte  (E1-E4)  at  room  temperature.  As  ex¬ 
pected,  the  initial  discharge  capacity  for  the  electrolyte  with  the 
highest  TBBA  concentration  (E4)  is  the  lowest:  E4  <  E3  <  E2  =  El. 
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Fig.  8.  First  three  charge-discharge  cycles  of  18650  cells  (Li4Ti5Oi2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  filled  with  control  electrolyte:  (a)  El  (0  wt.%  TBBA),  (b)  E2  (1  wt.%  TBBA),  (c)  E3 
(2  wt.%  TBBA),  (d)  E4  (3  wt.%  TBBA)  at  C/2  rate,  voltage  range  1.5-2.9  V,  cut-off  time:  5  h  at  CV  period. 


However,  on  about  the  10-th  cycle  all  cells  reaches  nearly  equal 
capacities.  No  obvious  capacity  fading  related  to  TBBA  presence  was 
found  after  almost  100  cycles.  Fig.  11  shows  high-temperature  cycle 
profiles  for  the  same  electrolytes  are  presented  as  capacity  reten¬ 
tion  (%).  The  initial  10  cycles  were  substituted  (normalized)  to  an 
equal  value.  No  differences  in  samples  performance  after  100  cycles 
were  observed. 


Fig.  9.  First  charge-discharge  cycles  of  18650  cells  (Li4Ti5Oi2/LiMn204:Li(Nii/3Coi/ 
3Mni/3)02)  filled  with  electrolyte  E3  (2  wt.%  TBBA)  at  C/5  and  1C  current  rate  with 
charge  time  limit  at  10  h  and  3  h,  respectively. 


After  room  and  high- temperature  cycle  tests  (100  cycles)  two 
samples  (El  and  E3)  were  dismantled,  electrodes  and  separator 
were  recovered  from  the  cells  in  an  argon  glove  box  and  examined 
by  SEM.  On  the  electrode  surface  (both  anode  and  cathode)  and 
separator  cycled  at  room  temperature  no  differences  were  found 
for  samples  cycled  with  either  reference  electrolyte  El  or  with 
electrolyte  E3  (not  shown  here).  Only  on  the  separator  surface  of 
the  sample  E3  cycled  at  the  high  temperature,  was  a  small  amount 


Fig.  10.  Cycle  performance  of  the  18650  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02) 
cells  with  0-3  wt.%  of  TBBA  in  electrolyte  (E1-E4)  at  1C/1C  charge/discharge  (room 
temperature). 
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Cycle  number 

Fig.  11.  Cycle  performance  of  the  18650  (Li4Ti5Oi2/LiMn204:Li(Nii/3Coi/3Mni/3)02) 
cells  with  0-3  wt.%  of  TBBA  in  electrolyte  (E1-E4)  at  1C/1C  charge/discharge  (high 
temperature:  55  °C). 


of  by-product  precipitation  found  (Fig.  12).  As  seen  in  Fig.  12b, 
spherical  bleached  spots  formed  on  the  separator  surface  during 
the  high  temperature  cycle.  The  nature  of  these  white  spots  is  more 
than  likely  bisphenol  A  and  requires  more  precise  investigations. 
Flowever,  according  to  our  tests  and  the  discussion  above,  the 
presence  of  TBBA  in  the  electrolyte  had  very  little  influence  on  cell 
performance.  The  amount  of  by-products  precipitated  at  the 
separator  surface  is  negligible  as  seen  in  Fig.  12c  and  only  appear 
after  prolonged  cycling  at  a  high  temperature. 


Fig.  13  shows  the  high  rate  discharge  test  of  18650  cells  con¬ 
taining  various  electrolytes.  The  presence  of  TBBA  in  the  electrolyte 
does  not  influence  cell  performance  up  to  a  5C  discharge  rate,  nor 
does  it  significantly  decrease  cell  performance  at  higher  rates  (<5% 
of  capacity  retention). 

3.3.  XPS  analysis  of  the  anode  and  cathode  surface  film 

After  100  cycles  in  18650  cells  with  El  and  E4  electrolytes  at 
55  °C  the  following  elements  were  detected  on  the  surface  of  both 
electrodes:  C,  F,  O,  Mn,  Br.  The  atomic  composition  (%)  of  electrode 
surfaces  is  presented  in  Table  2. 

Fig.  14  shows  high-resolution  XPS  spectra  for  Br  3d5/2  regions  of 
surface  films  on  the  anode  (Fig.  14A)  and  cathode  (Fig.  14B)  in  cells 
cycled  with  electrolytes  El  (a)  and  E4  (b)  (and  sputter  cleaned  for 
5  s),  and  E4  after  5  min  etching  (c).  XPS  spectra  of  the  anode  and 
cathode  surfaces  cycled  with  El  electrolyte  after  5  min  etching 
showed  no  change  and  are  not  shown  here.  In  contrast,  both 
electrodes  cycled  with  E4  electrolyte  show  peaks  at  70.4  eV  cor¬ 
responding  to  Br  (assigned  to  bromophenol)  with  a  shoulder  at 
68.7  eV  (assigned  to  LiBr)  that  were  still  detectable  after  5  s  of 
etching  (Fig.  14A/B-b).  Flowever,  the  Br  3d5/2  core  peak  of  the 
anode  electrode  almost  disappeared  after  5  min  etching  (Fig.  14A-c 
anode).  On  the  cathode,  the  peak  at  70.4  eV  remained  even  after 
5  min  etching  (Fig.  14B-c  cathode).  Such  different  Br  distribution  on 
the  anode  and  cathode  electrode  surfaces  is  in  agreement  with  tests 
and  assumptions  described  above,  i.e.,  that  TBBA’s  redox  reaction 
takes  place  mainly  on  the  cathode  electrode.  Although  some  Br 
compounds  can  be  detected  on  both  the  surfaces  of  the  cathode  and 
anode,  the  Br  compounds  are  easily  removed  from  the  anode  but  a 
significant  amount  still  remains  on  the  cathode  even  after  5  min 
sputter  etching.  When  TBBA  is  reacted  with  the  cathode,  it  forms  a 
complex,  thick  and  stable  solid-state  passivation  layer.  The  small  Br 
signal  that  was  detected  on  the  fresh  anode  surface  is  mainly  due  to 


Fig.  12.  SEM  picture  of  the  separator  surface  after  high  temperature  cycling:  (a)  sample  with  control  electrolyte  El,  (b)  sample  with  E3  (2  wt.%  TBBA),  (c)  low  resolution  of  (b). 
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Fig.  13.  Rate  performance  of  the  18650  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  ceils 
with  El,  E2,  E3  and  E4  electrolytes  (0-3  wt.%  of  TBBA). 


the  precipitation  of  TBBA  and/or  its  by-products  from  reactions  on 
the  cathode,  which  may  be  easily  cleaned  off  by  etching. 

3.4.  Safety  testing  and  mechanism  of  flame  retarding 

This  application  of  TBBA  as  a  flame-retardant  additive  in  Li-ion 
battery  electrolytes  was  motivated  by  general  concerns  about  bat¬ 
tery  flammability  and  specific  interest  in  the  mechanism  of  flame 
retarding  in  Li-ion  battery/electrolyte  in  particular. 

Most  common  flame-retardants  may  be  divided  into  two  cate¬ 
gories  according  to  their  mechanism  of  flame  retarding: 
condensed-phase  and  gas-phase.  Fire  extinguishing  mechanisms 
for  Li-ion  batteries  may  take  one  of  two  forms  or  both:  (1)  inside 
the  battery  (to  reduce  the  amount  of  flammable  fuel  and  heat 
generated),  and  (2)  outside  the  battery  (to  extinguish  gaseous 
flammable  products  when  the  battery  vents  or  even  explodes).  The 
first  mechanism  occurs  in  the  condensed  phase,  i.e.,  inside  the 
battery  body,  in  several  stages.  This  is  the  most  complicated  case  as 
it  may  be  caused  by  either  self-heating,  i.e.,  an  internal  source  of 
heat  (overcharge,  micro-shorting,  high  charge/discharge  rate)  or 
external  heat.  The  second  mechanism  occurs  in  the  in  gas-phase. 
These  two  cases  display  significant  differences  and  require 
different  types  of  flame-retardants. 

To  evaluate  the  mechanism  and  efficiency  of  TBBA  additive  as  a 
flame  retardant  in  the  electrolyte,  we  tested  several  18650  cells  in 
the  safety  test  fixture  described  in  Section  2.4.  After  setting  up  the 
testing  cell  into  the  fixture,  its  temperature  was  raised  slowly  at  the 
rate  of  5  °C  min-1  up  to  200  °C.  When  the  pressure  inside  the  cell 


Table  2 

Element  surface  concentrations  (atom%). 


C  Is 

O  Is 

FIs 

Mn  2p 

Br  3d 

Anode 

El  (TBBP  0%),  5  s  cleaning 

54.8 

19.9 

17.92 

0.55 

0.01 

El  (TBBP  0%),  5  min  etching 

46.49 

26.9 

12.11 

0.01 

0.00 

E4  (TBBP  3%),  5  s  cleaning 

50.95 

20.1 

23.51 

1.36 

0.47 

E4  (TBBP  3%),  5  min  etching 

42.46 

27.6 

16.21 

0.25 

0.01 

Cathode 

El  (TBBP  0%),  5  s  cleaning 

66.01 

11.8 

19.18 

2.96 

0.03 

El  (TBBP  0%),  5  min  etching 

65.14 

12.6 

10.97 

11.25 

0.02 

E4  (TBBP  3%),  5  s  cleaning 

57.15 

14.2 

25.19 

1.37 

2.01 

E4  (TBBP  3%),  5  min  etching 

55.73 

12.8 

19.93 

10.25 

1.26 

Binding  Energy  /eV 


Fig.  14.  XPS  spectra  (Br  3d5/2)  of  the  surface  film  on  the  (A)  Li4Ti5Oi2  anode  and  (B) 
LiMn204:Li(Nii/3Coi/3Mni/3)02  cathode  electrode  (after  100  cycles  of  the  cells  with  El 
and  E4  electrolytes)  at  55  °C.  (a)  -  (El)  surface;  (b)  -  (E4)  surface;  (c)  -  (E4)  surface 
after  5  min  etching. 

reached  the  limit  of  the  safety  valve  device,  the  pressure  vent 
opened  (or  the  gasket  melted),  releasing  a  gaseous  and  liquid 
mixture  of  electrolyte  and  its  by-products.  This  occurred  when  the 
cell’s  skin  reached  a  temperature  of  140  °C  and  above,  at  which 
point,  the  igniter  on  the  top  of  the  cell  started  to  produce  sparks 
inside  the  electrolyte  steam  flow. 

Several  18650  cells  containing  reference  electrolyte  (El)  and 
electrolytes  with  TBBA  (E2,  E3,  E4)  were  tested.  All  samples  were 
cycled  for  100  cycles  at  room  and  high  temperatures  before  un¬ 
dergoing  the  flammability  test.  The  criteria  used  in  the  flamma¬ 
bility  test  were  ignition  and  duration  of  flaming. 

The  electrolyte  steam  from  the  reference  cell  ignited  immedi¬ 
ately  upon  venting  and  burned  intensely.  The  flame  burned 
continuously  for  12  min  until  all  the  liquid  electrolyte  and 
concomitant  gaseous  products  had  exited  the  cell  (Fig.  15).  Cells 
filled  with  E2  electrolyte  (1  wt.%  TBBA)  were  also  tested  after  100 
cycles  at  a  room  and  high  temperatures.  A  low  profile  fire  was 
obtained  on  release  of  gaseous  and  liquid  mixtures  of  electrolyte  E2 
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Fig.  15.  Flammability  test:  18650  cell  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  with  reference  electrolyte  El. 


from  the  pressure  vent  (Fig.  16),  which  continued  to  burn  for  1  min. 
Another  sample  containing  E2  electrolyte  tested  after  high- 
temperature  cycling  caused  an  even  smaller  fire,  which  lasted 
only  17  s  after  the  pressure  vent  was  opened  (Fig.  17).  This  exper¬ 
iment  shows  that  the  amount  of  by-products  of  TBBA  decomposi¬ 
tion  responsible  for  its  fire  extinguishing  mechanism  is  controlled 


by  preconditioning  of  the  battery  cell,  i.e.,  fresh,  after  cycling  or 
after  high  temperature  cycling  states. 

As  an  example  of  the  low  efficiency  of  commonly  studied  flame- 
retardants  (such  as  trimethyl  phosphate  (TMP))  we  performed  a 
test  on  an  identical  cell  filled  with  an  electrolyte  (1  M  LiPF6, 
EC:EMC,  1 :2  vol.)  consisting  of  5  wt.%  of  TMP.  The  sample  generated 


Fig.  16.  Flammability  test:  18650  cell  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  with  electrolyte  E2  after  room  temperature  cycle  test. 
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Fig.  17.  Flammability  test:  18650  cell  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  with  electrolyte  E2  after  high  temperature  cycle  test. 


a  medium-size  fire  just  as  the  reference  cell  had  done  (Fig.  18) 
which  continued  to  burn  for  over  2  min.  Comparable  amounts  of 
TMP  and  TBBA  were  used  in  the  tests. 

In  order  to  understand  TBBA’s  fire  extinguishing  effect  in  these 
study,  we  had  to  model  battery  behavior  in  abnormal  conditions.  In 


the  case  of  external  heat  or  mechanical  damage  (i.e.  external  short 
or  crush)  pressure  inside  the  cell  is  increased  (electrolyte  evapo¬ 
ration  and  decomposition  causing  the  cell  to  vent).  The  vented  gas 
is  highly  combustible  as  it  consists  of  low  boiling  point  solvents, 
electrolyte  decomposition  products  [22]  such  as  methane,  ethane, 


Fig.  18.  Flammability  test:  18650  cell  (Li4Ti50i2/LiMn204:Li(Nii/3Coi/3Mni/3)02)  with  1  M  LiPF6,  EC:EMC  (1:2  vol.)  electrolyte  and  TMP  5  wt.%. 
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Fig.  19.  First  stage  of  the  reductive  reaction  of  TBBA/BPA. 


oxygen  and  some  others,  and  is  finally,  mixed  with  atmospheric 
oxygen.  At  this  point,  the  gas-phase  mechanisms  of  flame- 
retardants  come  into  effect.  In  this  mechanism,  the  flame- 
retarding  agent  has  to  be  volatile,  i.e.,  mixed  and  decomposed 
into  gaseous  products  released  from  cell  body  into  the  atmosphere, 
and  provides  the  active  fraction  of  molecules  in  the  gaseous  phase 
(Fig.  19). 

The  decomposition  of  TBBA  has  been  well  studied  as  it  is  used  as 
a  flame-retardant  additive  in  many  materials.  Thermal  decompo¬ 
sition  of  TBBA  has  been  studied  by  Marsanich  et  al.  [23]  and  Bar- 
ontini  et  al.  [24].  They  show  that  thermal  degradation  of  TBBA  only 
starts  at  above  185  °C  and  becomes  relevant  just  above  230  °C.  Even 
at  210  °C  the  main  gaseous  product  of  TBBA  degradation  is  HBr 
( —  80  mol  %),  the  second  product  being  tribromobisphenol  A 
(8.6  mol  %)  (TBA).  Thus  we  can  assume  that  the  main  mechanism  of 
decomposition  of  TBBA  and  TBBA  by-products  at  the  heating/ 
burning  stage  is  electrochemical  reductive  dehalogenation  with  the 
main  products  of  the  reaction  being  HBr,  Br2  and  TBA,  where  Br— H 
is  a  gas  dissolved  in  the  electrolyte  solution. 

Finally,  during  an  event,  the  electrolyte  solution  and  its  vapors 
consist  mainly  of  a  mixture  of  H— Br  and  Br— Br,  which,  on  heating, 
releases  HBr  and  Br  radicals.  These  radicals  will  interfere  with  the 
flame  chemistry  by  the  following  general  reactions: 


RBr^R'  +  Br*  (1) 

Br*  +  RCH3  ^ROT,  +  HBr  (2) 

HBr  +  0H*^H20  +  Br*  (3) 

H’  +  HBr— >H2  +  Br’  (4) 


where  R*,  CH2,  H*  and  OH*  radicals  are  parts  of  the  flame  oxidative 
chain  reaction  that  consumes  fuel  (RCH3)  and  oxygen  [25].  As  a 
result,  vented  electrolytes  containing  TBBA  will  demonstrate  self¬ 
extinguishing  properties  in  abnormal  conditions. 

4.  Conclusions 

In  this  study  we  have  tested  tetrabromobisphenol  A  (TBBA)  as  a 
flame-retardant  additive  in  a  common  non-aqueous  Li-ion  battery 
electrolyte.  We  propose  that  TBBA  in  Li-ion  batteries  can  serve  as 
flame-retardant  by  means  of  the  gas-phase  mechanism.  The  in¬ 
fluence  of  the  TBBA  additive  amount  (from  0  to  3  wt.%)  in  the 
electrolyte  on  over-all  battery  properties  at  different  rates  and 
temperatures  was  evaluated.  CV  tests  on  the  negative  (MCMB)  and 
positive  (C-LiFei_yMnyP04)  electrodes  (vs.  Li/Li+)  show  that  TBBA 
does  not  undergo  electrochemical  decomposition  on  the  negative 
electrode  but  may  affect  quality  of  SEIanode  formation  by  making  it 
more  dense  or  resistant  and  slowing  down  Li  intercalation  at  initial 
cycles.  On  the  positive  electrode,  competing  redox  processes  are 
observed  between  the  cathode  and  TBBA  during  the  first  few  cycles. 


Very  small  amount  of  by-products  of  such  reactions  deposit  and 
remain  at  the  electrode  surface  as  shown  by  XPS  study.  We  propose 
that  during  initial  cycles,  TBBA  undergoes  redox  decomposition  by 
oxidation  reactions  at  the  cathode  surface  (at  catalytic  canters,  e.g. 
Mn02)  to  form  phenoxy  radicals  that  act  as  redox  shuttle  mole¬ 
cules.  However,  due  to  their  instability,  such  radicals  exist  only  a 
short  time.  This  consumes  a  significant  amount  of  charge  (current 
leakage)  during  fresh  cell  activation  (first  few  cycles),  but  does  not 
notably  influence  the  real  capacity  of  the  Li-ion  battery,  i.e.,  TBBA 
does  not  consume  Li.  The  cycling  efficiency  of  18650  cells  con¬ 
taining  TBBA  is  close  to  100%.  We  also  demonstrated  that  the  cur¬ 
rent  rate  during  the  initial  charge/discharge  process  controls  the 
rate  of  TBBA  decomposition;  the  higher  the  current  rate,  the  lower 
the  amount  of  TBBA  decomposition.  Furthermore,  according  to  our 
more  recent  studies,  using  Mn  free  cathodes  or  an  artificial  coating 
on  the  cathode  surface  (i.e.  C-LiFePCU,  or  STOBA)  can  eliminate 
TBBA  redox  decomposition  during  initial  cycles.  Finally,  burst  and 
flammability  tests  performed  on  18650  cells  confirmed  TBBA’s 
flame-retardant  (self-extinguishing)  ability  at  much  lower  con¬ 
centrations  (as  low  as  1  wt.%)  than  conventional  flame-retardant 
additives. 
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